The thickness of the thin liquid film and its effects have always been a research hotspot in nuclear power applications and operating nuclear power plants, because the flow phenomenon of the liquid film is extremely common in multiphase flow research. Based on papers published in recent years, novel research progress on thin film thickness is reviewed from the following two perspectives: the experimental measurement and the theoretical model of liquid film thickness. For the experimental measurement, methods mainly include the PLIF method, the capacitance method, and the ultrasonic method. The following contents in this part are mainly reviewed from the PLIF method, the capacitance method, the ultrasonic method, and other methods for the measurement of the liquid film thickness on the wall, the liquid film thickness on the tube wall, and other aspects of the liquid film thickness. For the model, the theoretical model of liquid film thickness on the wall is mainly reviewed from two aspects: vertical flow and horizontal flow. Other models are mainly reviewed from the following aspects. They are annular film thickness, liquid film thickness for gas-liquid annular flow, and film thickness in pipes.
Introduction
The characteristics of the liquid film have attracted great attention, so in recent years, the film thickness has been studied both theoretically and practically Luo and Ghiaasiaan, 1997; Drosos et al., 2004; Tan et al., 2008 Tan et al., , 2009 Han and Shikazono, 2010; Estrada-Pérez et al., 2011; Olgac and Muradoglu, 2013; Zhang et al., 2015a Zhang et al., , 2015b Zhang et al., , 2017 Youn et al., 2018; , 2019c Chen et al., 2019 Chen et al., , 2020 Wang et al., , 2020 . Nusselt first theoretically analyzed the falling film, assuming that the continuous flow in the tube and the momentum effect on the falling film are negligible. He derived the following expression for the thin film thickness shown in Eq. (1):
where 1 β is the circumferential angle measured from the top of the horizontal tube and 1 τ is the flow rate of the liquid on one side of the tube.
Subsequently, the researchers have carried out experimental measurements, theoretical model establishment, and semiempirical equations on the thickness of the liquid film on the plate, the thickness of the liquid film on the wall surface, and the thickness of the free falling film.
In terms of experiments, image method and capacitance method are most widely used in current research. The core of the image method is to use the scale to determine the thickness of the liquid film. The advantage of it is that it is completely contactless and sensitive. Nevertheless, the disadvantage is that in order to obtain the thickness of the liquid film, it is necessary to experience the following process including the acquirement the image of the liquid film thickness, the acquisition of the image gray value, the solution of the scale, and the calculation of the liquid film thickness. The processing is cumbersome and not suitable for the measurement of a large amount of data. On the contrary, the capacitance method is a liquid film thickness measurement method based on the dielectric constant of a liquid film, and In this paper, the research progress of thin liquid film is reviewed from the aspects of experimental measurement of liquid film thickness and theoretical model of liquid film thickness, aiming to provide some reference for researchers in liquid film thickness.
Experimental measurement of liquid film thickness
At present, the methods for measuring the thickness of the liquid film mainly include the PLIF method, the capacitance method, and the ultrasonic method. The main method is the PLIF method and the capacitance method. The following contents are mainly reviewed from the PLIF (Planar Laser Induced Fluorescence) method, the capacitance method, the ultrasonic method, and other methods for measurement of the liquid film thickness on the wall, the liquid film thickness on the tube wall, and other aspects of the liquid film thickness.
In 2003, Conte and Azzopardi (2003) studied the change in film thickness at the T-joint. Film thickness variations with respect to the perimeter of the inlet and outlet tubes were obtained by using conductive techniques. The results show that the liquid entering the T-joint is concentrated at 30% of the bottom of the pipe. The film distributions are hardly affected by the gas inlet flow rate and liquid inlet flow rate. In 2009, Zhou et al. (2009) measured the thickness of the liquid film falling onto the plate using a non-intrusive chromatic confocal sensoring technique based on chromatic aberration. The measurement was performed with an optical sensor CHR-150E. The sensor consists of a control unit (color sensor) and a small measuring head (lens). The experimental data show that the characteristics of the precipitation film are directly affected by the liquid feeding mode, Reynolds number, and plate inclination angle. The measured time average film thickness increases with the increase of Reynolds number and the decrease of the plate inclination angle. In 2009, measured the thickness of the liquid film in the micro-flow. Liquid film thickness in micro square channels is measured locally and instantaneously with laser focus displacement meter (LFDM), having hydraulic diameters of 0.3, 0.5, and 1.0 mm. It was found that as the number of capillaries increased, the interface shape became axisymmetric. In 2010, Schubring et al. (2010a Schubring et al. ( , 2010b measured the film thickness distribution in an upward vertical air-water annular flow using planar laser induced fluorescence (as shown in Fig. 1 ). The results show that the average film thickness and film thickness standard deviation increase with increasing gas flow as the gas flow decreases.
In 2010, Cheng et al. (2010) experimentally measured the film thickness when the wall was wet. In the experiment, the film thickness on the wall was measured by using a laser induced fluorescence (LIF) technique, and the film area was measured with a CCD camera to obtain a liquid film thickness. The results show that in the radial direction, the film thickness increases to a peak near the center of the impact, then decreases, eventually reaching zero at the outer edge. In 2011, Martínez-Galván et al. (2011) studied the effect of surface roughness on the R134a spray cooling system. A photograph of the liquid film was taken directly with a high speed camera having a resolution of 752×376 pixels in combination with a scale to measure the film thickness. The film thickness has an uncertainty of ±11.6%. In 2011, Fu et al. (2011) measured the thickness of the annular liquid film in an open swirl injector based on the electrical conductance method. A series of calibration rods of different diameters are placed in the swirl chamber, and each rod corresponds to a different liquid film thickness to obtain a calibration curve of the relationship between the thickness of the liquid film and the voltage. The experimental results show that the thickness of the liquid film decreases as the pressure drop increases.
In a gas-liquid two-phase flow, the conductivity of gas and liquid is different. Thus, the distribution characteristics of the falling film thickness around the horizontal pipe when the circumferential angle is 15° to 165° and the outer diameter of the pipe wall is 20 mm to 32 mm are studied by using a displacement micrometer by Hao et al. in 2012. The basic principle of the displacement micrometer is as follows. The thickness of the liquid film is the distance between the gas-liquid interface of the liquid film and the liquid-solid interface. The circuit provides a low level voltage output signal when the probe of the displacement micrometer is in contact with air. When the probe is just in contact with the liquid film, a high level voltage output signal is displayed. The distance that the probe moves in the liquid film in the radial direction is the thickness of the liquid film. The results show that the liquid film thickness has an asymmetrical circumferential distribution. The outer diameter of the tube has little effect on the film thickness. In addition, a new correlation between predicted liquid film thickness (as shown in Eq. (2)) was proposed.
where β is the circumferential angle, τ is the liquid flow rate on one side per unit length of cylinder, D is the outside diameter of tube, and S is the intertube spacing. L ρ and G ρ are the density of liquid and gas, respectively. μ is the dynamic viscosity.
In 2013, Qi et al. conducted a study on the wet film thickness of a falling film liquid dehumidification regeneration system based on a thermal imager. The liquid film image is recorded by a highly sensitive Fluke Ti20 thermal imager and can be processed with image analysis software to obtain a wet size with a maximum error of 0.1 mm. The results show that an increase in the wetting area is found to be advantageous for mass transfer performance, and the performance decreases with the film thickness of the liquid desiccant. In 2013, Mac Giolla Eain et al. measured the film thickness in the liquid-liquid slug flow regime. The flow image is captured by a high speed camera mounted on a microscope. The measurement value of the thickness of the liquid film along the length of the aqueous slug can be extracted by a program in MATLAB. In 2014, Abdulkadir et al. studied the liquid film thickness behaviour within a large diameter vertical 180° return bend. The thickness of the liquid film was measured by a capacitance method. The results show that the distribution of the liquid film is asymmetrical to the thicker film on the inside due to gravity. In 2014, Tiwari et al. measured the film thickness distribution using a multi-range sensor based on a conductivity method. In 2015, based on high-speed camera image capture and digital image processing techniques, Bonilla-Riaño et al. conducted experimental studies on the thickness of films in vertical upward and parallel adiabatic flow in pipes. Image preprocessing is first performed including wavelet denoising, unsharp filtering, and contrast enhancement. Secondly, the signal processing is performed by wavelet decomposition, fuzzy segmentation, and threshold processing based on Tsallis entropy to obtain the liquid film thickness. In 2015, Xue et al. focused on the analysis of flow evolution in a gas-liquid two-phase circulation. The liquid film thickness experimental measurement in gas-liquid circulation was carried out based on PLIF method and high speed photography (as shown in Fig. 2 ).
This method enables non-invasive measurement of liquid film thickness. The experimental measurements show that the film thickness is randomly distributed, corresponding to the characteristics of randomness and small flow in the liquid film flow process. In 2015, Han et al. experimentally measured the thickness of the liquid film in the microtubule circulation. The time-averaged annular liquid film thickness was measured by a laser confocal displacement meter (LCDM), and the gas-liquid interface profile was observed by a highspeed camera. The resolution of the laser confocal displacement meter is 0.01 μm, and the spot diameter of the laser is 2 μm, which can measure the film thickness very accurately within a 1% error range. In 2012, Hou et al. studied the effect of initial flow rate on the film thickness of the microtube accelerated plug flow. Liquid film thicknesses in accelerated micro two-phase flows are measured by technique of LFDM with the resolution of 0.01 μm.
In 2015, Chen et al. measured the distribution of falling film thickness around horizontal tubes of pure water and natural seawater using laser-induced fluorescence. The specific conclusions are as follows.
(1) The film thickness around the horizontal tube increases with Re and increases as the tube spacing decreases.
(2) In the axial direction, the thickness distribution of the falling film exhibits a symmetric distribution of stablecrest-stable. The maximum film thickness is a minimum of twice in this direction. (3) In the radial direction, the film thickness decreases as the circumferential angle increases until it reaches a minimum point close to 90° and then increases.
In 2015, Donniacuo et al. measured the film thickness of a circular flow in a microchannel based on an optical method of image processing. In the experiment, the image sequence was recorded by a high-speed camera system (Photron Fastcam SA3 120K M2) to realize flow visualization, and the liquid film image was captured. The film thickness can be obtained by writing an image processing program in the MATLAB operating environment. In 2016, Youn et al. conducted an experimental study on the effect of liquid film thickness in circular tubes made of Pyrex glass with the inner diameter of 0.7, 1.0, and 1.3 mm. The LFDM technique was used in the experiment to measure the thickness of the liquid film. In 2016, Morokuma and Utaka measured the variation of the liquid film thickness distribution between contacting twin air bubbles during the coalescence process in water and ethanol pools. It is also proposed that the bubble contact duration is the main parameter of the liquid film thickness distribution between the water and ethanol during the coalescence process. Modified laser extinction method is used to measure the film thickness. For ethanol, an accuracy of ±0.06 μm can be measured. In 2018, Fryza et al. measured the film thickness based on the thin film colorimetric interferometry (TFCI) technique and highspeed CMOS camera, and the lateral harmonic vibration to the EHL point. The effects of contact film thickness were investigated experimentally. The results show that reduction in thickness exponentially depends on the lateral-main speed ratio. In 2017, Li et al. measured the particle velocity distribution and annular film thickness in a turbulent fluidized bed based on the laser Doppler velocimeter (LDV) method. The results show that as the gas velocity increases, the radial distribution of particle velocities becomes very uniform. In the central region of the turbulent fluidized bed (TFB), the particle velocity increases sharply with increasing air velocity, but the opposite trend occurs in the wall region. In 2017, Yu et al. conducted a non-contact measurement study on the thickness of a highly viscous fluid falling film on a spherical tandem surface based on the application of a capacitive sensor. The method has a measuring range of 8-30 mm and a measuring accuracy of 0.1 mm. The sensor achieves high-precision, non-contact detection of the thickness of the non-conductive viscous liquid film on the bellows surface. In 2017, based on the tomographic optical imaging method and high-speed camera, Patel et al. conducted experimental studies on the liquid film thickness of the slug-regime microchannel flows. The accuracy of the thickness measurement at the corner ranges from 2.5% to 6.8%. A liquid film image was obtained by a fluorescence optical microscope (Nikon Ti-U), and a channel size of 510 μm was expressed using an objective lens having a numerical aperture of 0.30 and a focal plane thickness of 7.1 μm. The film thickness can be obtained according to the scale. In 2018, Mignot et al. measured the liquid film thickness in a condensing and re-evaporating environment based on the attenuation of near infrared light method. The basic measurement principle is as follows. When the water absorbs light, the amplitude of the absorption coefficient produced in the NIR spectral range shows an appropriate attenuation of the liquid film measurement. From this, the liquid film thickness can be obtained. In 2018, Li et al. studied the effect of water film thickness on the freshness of mortar. In the experiment, the water film image was captured and the water film thickness was obtained using a scale. The results indicate that water film thickness (WFT) determines the fresh properties of fibre mortar. The results indicate that relatively large WFT will result in higher fluidity but lower cohesion and adhesion.
In 2018, Yang et al. measured the liquid water film thickness on opaque surfaces based on the diode laser absorption spectroscopy (DLAS) method. The principle of the method is to collect all reflected light and determine the film thickness based on the value of the incident angle (as shown in Eq. (3)).
where 1 n and 2 n are the refractive indexes of air and liquid absorption medium, respectively. t I is the sum of the reflected light intensity from the liquid film surface and the intensity of light reflected by the smooth opaque surface and refracted by the liquid film. 0 I is the incident intensities. R is the reflectivity on the liquid-gas interface.  is the incident angle. k is the spectral absorption coefficient.
In 2018, Åkesjö et al. proposed a new method for measuring the thickness distribution of falling films. A laser scanner is used to continuously measure the distance from the vertical path to the liquid-vapor interface. Liquid film thickness can be determined by introducing measurement data into MATLAB and filtering it using standard local regression techniques based on weighted linear least squares to remove unwanted noise. The method has a film thickness measurement accuracy of at least ±0.1 mm. In 2018, Shri Vignesh et al. measured the thickness of liquid film in Taylor flows occurring in small circular mini channels based on laser-induced fluorescence. The rhodamine B fluorescent dye is mixed with water and excited by a sharp laser beam having a wavelength of 531 nm. The thickness of the excited liquid film illuminates, and a long pass filter is provided to filter the reflected laser light so that the light is captured by the CMOS high speed camera. The film thickness can be obtained by processing the obtained image using a set of image processing techniques. In 2018, Sun et al. conducted a visualization experiment on transient film thickness during flow boiling in microchannels based on the LFDM method. In 2018, Schmidt et al. applied laser-based water film thickness measurement methods into exhaust gas after treatment. In 2015, Youn et al. experimentally measured the liquid film thickness of an oscillating slug flowing in a capillary tube based on the LFDM technique, and proposed an empirical formula for the initial liquid film thickness. The results show that under oscillating conditions, the velocity and film thickness are affected by the acceleration and deceleration of the flow. And as the frequency and the equivalent slug stroke increase, the liquid film thickness deviates from the steady state and becomes thinner or thicker due to the acceleration and deceleration effects, respectively. In 2018, Ju et al. measured the average film thickness of an 8×8 bundle of annular gas-water two-phase flow. The results show that on the same axial level, the largest film thickness occurs at the corner bar, and the smallest film thickness occurs at the center bar. In 2018, Chao et al. measured the thickness of the oil film in the axial piston pump sliding bearing at different positions based on the eddy current displacement sensor. In the measurement, the eddy current displacement sensor generates a voltage signal. In the case where the liquid film thickness is less than 0.25 mm, the sensor output voltage is proportional to the measurement distance, so the liquid film thickness can be determined according to the magnitude of the voltage. In 2018, Niese and Quodbach used a color confocal measurement system to measure the on-line wet film thickness during continuous oral film manufacturing. The error does not exceed 5%. In 2018, Lewis and Wang conducted a visual study of the film thickness in thin hydrophilic microchannels. In the experiment, a digital SLR camera (Canon Rebel T3) was utilized to capture the image of the entire channel. The film thickness is obtained by extracting the saturation of the image by MATLAB, extracting the number of pixels of the image and converting it into a physical unit system.
In 2018, Jablonka et al. experimentally measured the film thickness in spherical bearings based on the capacitance method. The lubricant film thickness can be easily extracted if the capacitance of the contact is measured according to Eq. (4). 
where C is the capacitance between two parallel conductive plates separated by a dielectric material having a dielectric constant r ε and a thickness h. In 2019, Cen and Lugt conducted an experimental study on film thickness in a grease lubricated ball bearing. The results show that the film thickness hardly changes with increasing speed, and the effect of load on film thickness is relatively small. In 2019, Bonilla-Riaño et al. designed a waterpipeline water film thickness measurement system based on capacitance and image technology, which is a new technique for high spatial and temporal resolution film thickness measurement. The system was used to study the water film near the wall of the dispersed annular oil-water flow channel. The local time domain signal and the axial distribution of the water film thickness near the tube wall are given. The experimental results show that the film thickness between 400 and 2200 μm can be accurately measured by the system with an error of less than 20%. In 2019, Al-Aufi et al. measured the thickness of a film in a two-phase annular flow using an ultrasonic pulse echo technique, which can be used to measure film thicknesses greater than 0.1 mm. In 2019, Kim and Choi used a color camera and a tunable aperture to accurately measure the thickness of a two-dimensional film in a spectroscopic image reflectometer. The film thickness can be determined by analyzing the least squares fit between the spectrally reflected signal from the color camera and the theoretically calculated signal.
In 2019, Wang and Tian (2019c) conducted an experimental study on the three-dimensional film thickness distribution of the horizontal tube falling film. The liquid film thickness prediction formula based on different sections was proposed, and the effects of Reynolds number and tube spacing on the film thickness were studied. The specific conclusions are as follows.
(1) The horizontal tube falling film with column flow has strong three-dimensional characteristics.
(2) The falling film can be divided into five areas including an impact area, a stable area, a peak area, a bottom area, and an exit area.
(3) The location of thinnest liquid film depends on circumferential angle and non-dimensional axial length in a fluid unit.
In 2019, the oil film thickness was measured by the electron ring thickness of the piston ring-liner contact measured by laser-induced fluorescence by Obert et al. (2019) . The results show that the LIF method is a good method for observing the oil distribution and measuring the oil film thickness. Using this method, the oil film thickness lower than oil thickness of 0.05 μm can be determined.
Thus, image method and capacitance method are mainly used in the current research for the experiment. The core of the image method is to collect the liquid film thickness image by using a high-speed camera with high resolution, and then calculate the scale according to the image size of the known standard object in the high-speed camera, thereby obtaining the liquid film thickness. The advantage of the image method is that it is completely contactless and does not have any effect on the flow field in which the liquid film is located. Moreover, the resolution of the high-speed camera is extremely high, thus the measurement accuracy of the method is extremely high. Nevertheless, it also has obvious shortcomings, that is, in order to obtain the liquid film thickness, the following processes must be carried out including the capture of the liquid film thickness image, the acquisition of the image gray value, the solution of the scale, and the calculation of the liquid film thickness. The above processing is complicated, which makes the experimental data and workload increase sharply, and it takes a long time to measure a large amount of data. The capacitance method is a liquid film thickness measurement method based on the dielectric constant of a liquid film. The advantage is that the measurement process is convenient, and the identification of the gas-liquid and liquid-solid interface is extremely accurate. It is suitable for the measurement of liquid film thickness with a large amount of data. However, its shortcomings are more obvious, that is, some probes used in the capacitance method have a certain influence on the liquid film flow field, which is a fatal disadvantage. Other methods include ultrasonic pulse echo technology, which has the potential to measure film thickness in an annular flow using various signal processing methods. However, there are still challenges when the liquid gas interface experiences large waves due to the angle at which the incident ultrasonic waves are reflected. Therefore, the capacitance method and the PLIF method will still be the trend and prospect of measuring the thickness of the liquid film in the future.
Theoretical model of liquid film thickness
The theoretical model of the liquid film thickness on the wall surface and other aspects of the model are reviewed. The theoretical model of liquid film thickness on the wall is mainly reviewed from two aspects: vertical flow and horizontal flow. Other models are mainly reviewed from the following aspects. They are annular film thickness, liquid film thickness for gas-liquid annular flow and, film thickness in pipes.
In 1935, Fairbrother and Stubbs gave a correlation between the film thickness of the wall as shown in Eq. (5). In 1976, the correlations on film thickness in pipes were given in Eqs. (8) 
In 1978, the correlation on film thickness in pipes was shown in Eq. (15) by Hori et al. 
In 1993, Patience and Chaouki proposed the correlation of annular film thickness when studying the gas-phase hydrodynamics problem in circulating fluidized bed risers (as shown in Eq. (16)). 
They also gave a correlation between the wall thickness of the tube wall when studying the phenomenon of rapid deposition of fluid on the tube wall (as shown in Eq. (22)). (25)).
For dimensionless slip velocity * v smaller than 6.5, 
For * v equal to or bigger than 6.5,
In 2009, Han and Shikazono gave a correlation between liquid film thickness in micropipe slug flow (as shown in Eq. (26)). 
The applicable conditions of Eq. (26) are as follows: Ca < 0.40 and liquid-gas flows horizontal flow multiple slugs.
In 2010, Cheng et al. simulated the wall wet fuel film thickness based on computational fluid dynamics (CFD) software FLUENT. Discrete phase models were used in the calculations, and droplet collisions and Taylor Analogy Breakup (TAB) droplet breakage models were used in the spray model. The results show that reducing the impact angle can enlarge the area of the thick portion of the fuel film while making the maximum film thickness smaller.
In 2009, when studying the effect of bubble acceleration on micropipette film thickness, a correlation for the liquid film thickness under bubble acceleration is derived by Han and Shikazono in Eq. (27 
where Bo is Bond number based on the bubble acceleration, i D is tube inner diameter, Ca is capillary number, and δ is liquid film thickness. In 2011, Schubring and Shedd derived a theoretical model of liquid film thickness for gas-liquid annular flow based on Blasius relation and friction factor. In 2012, Wang et al. estimated the thickness of the liquid film in a two-phase circulation by electrical resistance tomography. A conformal mapping is used to obtain an analytical solution of the annular flow with an eccentric circular gas core. They also used the finite-difference/front-tracking method to calculate the film thickness when studying the effect of surfactant on the film thickness in the Bretherton problem.
In 2014, the correlation on film thickness in pipes was shown in Eq. (28) 
For Ca > ** Ca ,
where ** Ca is the criterion for the limit in capillary number and Ca is capillary number. 0 δ , ρ, i D , and σ are initial liquid film thickness, liquid density, tube inner diameter, and surface tension, respectively.
In 2015, Muramatsu et al. conducted a numerical study of the effect of the initial flow rate on the film thickness of the accelerated slug in the microtube. The results show that the liquid film with accelerated flow is thinner than the liquid film with stable flow. In addition, the correlation of the accelerated slug film thickness is proposed (as shown in Eq. (32)). 
where Ca is the capillary number and Re is the Reynolds number. 0 δ , α, and D are initial liquid film thickness, modification coefficient, and tube inner diameter, respectively.
In 2015, Qiu et al. conducted a qualitative study of falling film thickness over fully wetted horizontal round tube based on commercial CFD code Fluent 6.3.26. Numerical simulation results showed that the liquid film flowed along the surface of the horizontal tube. The entire process includes transient sub-processes and steady-state sub-processes. In addition, the film thickness distribution has obvious asymmetry, which indicates that the influence of momentum on the flow cannot be ignored.
In 2016, Youn et al. proposed empirical correlations of initial film thickness in decelerating flow (as shown in Eqs. (33) and (34) 
The subscripts decel and steady represent decelerated condition and steady condition, respectively. In 2017, Zhang et al. conducted a numerical study on the thickness of the oil film on the top seal of a small Wankel rotor engine. Taking full account of the inertial force, spring force, and shear stress of the oil film, the Reynolds equation is used to establish the relationship between oil film pressure and thickness, and the oil film thickness is calculated by solving the above equation. In 2017, Mantripragada and Sarkar obtained the film thickness from the liquid flow field on the rotating disk by the VOF method, and predicted the droplet size of the liquid film thickness during the atomization of the rotating disk. The correlation of liquid film on the disc surface is shown as Eqs. (35) 
where Re is in the range of 400-2485 and We is in the range of 4.55×10 -4 to 21.4×10 -4 . Ar is in the range of 6 7.17 10 to 9 3.67 10 , and H/D is in the range of 0.12-2. The research on the liquid film thickness is relatively small, because the liquid film experimental measurement technology is very mature and the accuracy is high. In the rare numerical study of liquid film thickness, it is mostly about the problem of liquid film thickness involved in the study of two-phase interface capture using techniques such as VOF method and Level Set method. In terms of models, the current formula of liquid film thickness is mostly directed to the liquid film flow on the pipe wall, and is based on the semi-empirical equations fitted according to the experimental results. The thickness of the liquid film on the tube wall is greatly affected. Such as Reynolds number, capillary number, Weber number, tube inner or outside diameter, etc. The flow condition includes accelerated condition, decelerated condition, and steady condition. The whole process of liquid film flowing along the surface of the horizontal tube includes transient and steady-state processes, thus there is obvious asymmetry in the thickness distribution of the film, and the influence of momentum on the flow cannot be ignored. However, the equations given in this paper cannot explain the asymmetry of liquid film thickness.
Conclusions and prospects
Thin liquid film thickness is a research hotspot since the flow phenomenon of the liquid film is always common in heat and mass transfer and engineering thermophysical research. Progress in research on liquid film thickness from two aspects is reviewed in this paper.
In terms of experiments, image method and capacitance method are mainly used in the current research. The core of the image method is to collect the liquid film thickness image by using a high-speed camera with high resolution, and then calculate the scale according to the image size of the known standard object in the high-speed camera, thereby obtaining the liquid film thickness. The advantage of the image method is that it is completely contactless and does not have any effect on the flow field in which the liquid film is located. Moreover, the resolution of the high-speed camera is extremely high, thus the measurement accuracy of the method is extremely high. Nevertheless, it also has obvious shortcomings, that is, in order to obtain the liquid film thickness, the following processes must be carried out including the capture of the liquid film thickness image, the acquisition of the image gray value, the solution of the scale, and the calculation of the liquid film thickness. The above processing is complicated, which makes the experimental data and workload increase sharply, and it takes a long time to measure a large amount of data. The capacitance method is a liquid film thickness measurement method based on the dielectric constant of a liquid film. The advantage is that the measurement process is convenient, and the identification of the gas-liquid and liquid-solid interface is extremely accurate. It is suitable for the measurement of liquid film thickness with a large amount of data. However, its shortcomings are more obvious, that is, some probes used in the capacitance method have a certain influence on the liquid film flow field, which is a fatal disadvantage. Other methods include ultrasonic pulse echo technology, which has the potential to measure film thickness in an annular flow using various signal processing methods. However, there are still challenges when the liquid gas interface experiences large waves due to the angle at which the incident ultrasonic waves are reflected. Therefore, the capacitance method and the PLIF method will still be the trend and prospect of measuring the thickness of the liquid film in the future.
In terms of models, the current formula of liquid film thickness is mostly directed to the liquid film flow on the pipe wall, and is based on the semi-empirical equations fitted according to the experimental results. The thickness of the liquid film on the tube wall is greatly affected by such as Reynolds number, capillary number, Weber number, tube inner or outside diameter, etc. The flow condition includes accelerated condition, decelerated condition, and steady condition. The whole process of liquid film flowing along the surface of the horizontal tube includes transient and steady-state processes, thus there is obvious asymmetry in the thickness distribution of the film, and the influence of momentum on the flow cannot be ignored. However, the equations given in this paper cannot explain the asymmetry of liquid film thickness. We believe that the study of liquid film asymmetry will be one of the important research directions in the future.
